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Line-imaging Fabry-Perot interferometer

A.R. Mathews, R,H. Wamcs, W.F. Hemsing, and G.R. W’hitternore ●

Los Alamos National Laboratory, JfS P9AI0

Los Alamos, NM 87545 USA

ABSTRACT

A method for measuring the velocity history of a line ●lement on a shock-loaded solid has been demon-
strated. Light from a single-frequency laser is focused through a cylindrical lens to a line on a moving
target. The return Doppler-shifted image is passed through a Fabry-Perot interferometer. Because only
specilic combinations of incident light angle and frequency can pass through the interferometer, the output
is an incomplete image of the moving target appearing as a set of fringes. This image is focused onto an
electronic streak camera and swept in time. The fringe pattern changes with time as the target surface
movez, allowing determination of velocity for ●ach point on the target that forms a fringe. Because the
velocity can only be meaaured at the fringe positions, it is necessary to use an interpolating polynomial to

obtain a continuous function of time and velocity along the sampled line.

1. INTILODUCTION

Since the late 1960a, shockwave physicists have used opt ical techniq~es such as VISAR and Fabry-Perot
(FP) interferometry to measure the velocity history of an ●xplosively driven target. In both technique,, a
Iaaer Wminates a spot on the moving surface, and the frequency of the Doppltr-shifted return light gives
a measure of the velocity. Review articles by McMillan, ●t al. [I], and Barker [2] describe the theory and
use of interferometers for meaauring the velocity as a function of time for a single point. A recent paper by
Gidon and Behar [3] presents a technique for measuring the instantaneous velocity an a function of position

for an ●ntire surface.

In this paper we describe a method, baaed on Fabry-Perot interferomet ry, for determirm]g the continuous
velocity hhtory of ● line segment on a fast moving surface, The idea was originally propooed by John Corfe
of AWE, Aldmznaston, U.K. [4], who fielded experiment to test the validity of the technique. We have
performed similar ●xperiments and hava developed computer prograrnz to quantitatively analyze the results.

2. DISCUSSION OF THE METHOD

L] a typical FP experiment, a cpherical lens focuses light from a single-frequency lacer onto a spot on
the mu ving target, which must be near the focal point of the lens. Reflected light is collected and nearly
collimated by this lens md directed into the interferometer. The FP will tranmn.it light that i- incident
at only a discrete set of angles from the interferometer axk Theoe favored angles are determined by the
wavelength of the tight and the FP mirror spacing, Light●xiting the FP is collected by another Bpherical

●m, and ● fringe pattern imformed in the focal plane of thh lens. When properly alig ~ed, the pattern is
a set of concentric rings of Idgh flnesseo

‘This work was supported by the United States Dtputrnent of Enrrgy under contract numkr W-740S-ENG-36.
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The mathematical analysis of the fringe pattern is discussed in many standard optics texts. We will—
follow t‘. notation of Born and Wolf [5] to highlight ~ome of the important relations. Light rays exiting
the FP interfere constructively when the interference condition

mA = 2d Cose (1)

is met. Ln this equation, m is the (integer) fringe order, A is the wavelength of the light, d is the FP mirror
spacing, and @is the angle of incidence of the light measured with respect to the mirror axis. Jf’hen a lens

of focal length / brings the rays to a focus, bright rings will appear at radii given by

r“ s ft~em = fem . (2)

The order of the central ring (0 = O) is given by

so,

m= ( ~em)mocosdm = w 1 - 2sin — .
2

(3)

(4)

Thus, for small angles,

em 2 d2(mj - m)

ml”
(5)

Because the fringe order for the central ring is uuml.ly not an integer, it is normal to write the order for
the first bright ring in terms of a fractional order, e, as

ml =mo–e O<e<lm (6)

Thin, the order for the pth bright ring (measured from the center) is given by

% =mO -e- (p-1) , (7)

Combining Eqs, (2), (J) and (7), give~ the radius of the pth ring:

(n)

Thus a frequency shift caused by motion of the target will lead to a change in the radii uf all the c.irculmr

fringes. Because ●ach fringe originates from the same illuminated spot on the target, a typical multi-fringe
pattern contains redundant velocity information, By measuring the radii of these fringes as a function (If
time, a precise velocity history for one point on the target can be determined.

For dynamic ●xperiment, a major diameter of the circular fringe pattern is usually projected onto the
slit of a high-speed ~lectronic streak camera. The reuulting film record has the following characteristics:

a) Portions of the record corrcoponding to constant velocity appebr as straight Iinm parallel to the time
axhl.

b) Acceleration of the targrt toward the oource cau-eo the circular fringes to move uutward, orrnmi(mdl.v

#pawning new fringes at the center of the pattern.

r) All fringes mr~ oyrnmetric shout ttw rwltrr of the pnttmn.
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Fig, 1. Experimental setup for the line Fabry-Perot interferometer.

In the line-imaging ver~ion of the FP interferometer, we pass light from a 3 Watt CW argon-ion laser

(A = 514.5 sirn) through a cylindrical lens to illuminate a 3. O-mm line segment on the target surface. For
the experiments described here, the target is a thin plast:,c sheet driven by an electrically exploded copper

foil. We expect the resulting velocity profile to be zero a~ the edges and rise to a maximum of 3 or 4 km/s

at the center. The width and flatness of the velocity peak varies from one experiment to another, Figure
1 illustrates the experimental arrangement.

The light from the illuminated line on the target is collected and nearly collimated by one or two
spherical lenses, and directed to the FP, These two lenses, in conjunction with the spherical lens at the

output of the FP, determine the size of the image on the streak camera slit, The FP acts as a spatial filter,
transmitting only the light that enters at the preferred set of angles (again, determined by the wavelength

of the light and the FP mirror spacing). For the line FP, the light collected from the target originates from

many poirlts along the illuminated line. Thus, for a given mirror spacing, the imag- on the camera slit
will be a Set of bright fring~m At positions where the input angle and the wavelength of the light permit

transmission through the FP, We then streak the image in time (total time zz 1 ps) and record the fringes

on film.

In the line. imaging FP, there i- no redundant velocity information; a fringe in the slit plane gives

information about the target velocity only at the corresponding position on the target, ‘1’here is no velocity

information between fringes, If the target is stationary, or moving at a constant velocity, the fringe pattern
will consiut of a met of concentric ringn mpaced similarly to those in a point I?P record.

AU th~ target accelerates, the wavelength of the reflected light will change, and the con(iitions for
constructive interference will also change. Changes in wavelength combined with diffrrent input anglm

across the target lead to distortion in the frirlge pattern iri regions with relatively larger or smsdlrr

mceleraliona
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Fig. 2. Grayscale display of the digitized streak camera record. The illuminated line is o,iented vertically

and time is increasing to the right. Note thi~t the fringes are not symmetrical about the center of the
pattern.

An ●xample of the resulting line FP streak record is shown in Fig. 2.
locations provides a meaaure of the target velcx ity aa a function of time at

illuminated line.

3. VELOCITY CALCULATION

Measurement of the fringe

discrete positions along the

The mathematical analysis required to convert fringe iocation to velocity is straightforward and is
equivalent to that for a point FP interferometer. It can be shown [1,3] that the velocity for the nth

dynamic fringe is given by

CA [72 -- r;-_
v – 4d (r; )

——-n, (9)
– l.:

where

n = dpnamic frinqe number, increasing outward from the center of

the pattern (n = p – 1),

r. = radiut of the innermodt dtatic fringe,

rl = radius 0/ the nezt larger dtatic fririge,

r = radiua of a dynamic fringe, and

c= velcxitp of light.

The term (cA / 4d), the “fringe constant, “ is the velocity change required to displace a fringe, number n,

to the position of the next larger fringe, number n + 1, The fust term In parenthesis in Eq. (9) is the

partial fringe displacem~nt from the static poeition to the dynamic position, r. The second term, n, is the

fri,lge number for a static fringe that ha~ been diuplaced to a new dynsmic posit ion.. [t allows for intcgvr



fringe discontinuities that can occur in some experiments. The value of n increases by one for each fringe

counted outward from tile innermost fringe (n = O). A.s new fringes are born, however, the value of n

associated with the fringe becomes less than zero and decreases by one for each new fringe.

I.f we now define

and

b=fi ( r: )4dr~–rj+n’

then Eq. (9) can be rewritten in the form

v=ara —b. (lo)

Thus, a plot of velocity as a function of radius shows that nolutions to Eq, (9) describe a set of parabolas

separated by constant distance along the r = O axis. These parabolas represent the locations that bright

fringes will form for any combination of velocity and position [6]. Plotting the intersections between the

parabolas and the aswmed velocity profile gives the positions of fringes for any given time, t. If this process

is repeated for many different values of t,a synthetic streak record for the proposed experiment can be
produced.

Figure 3 shows how one can predict the fringe record for the type of velocity profi-1.es we expect in our

experiments. Ln the upper graph the assumed velocity profiles for four different times are superimposed on

the Solutions to the velocity equation. Note that for t = O, the static cane, the velocity profde is a straight

line at u = O. Intersections of this velocity profile with the parabolas give the initial location~ of Fright
fringes on the streak record. Repeating :hiE process for three additional times produces the synthetic fringe

record shown in the lower portion of Fig. 3,

Because the fringes represent the velocity at different points on the target,, the dynamic portion of the

record is generally not nyrnmetric. As a reuult, fringes can appear and disappear in a confusing manner, A
preliminary graphical analysis has made it pomihle for us to resolve apparent ambiguities in the physical

record, and has simplified the processing necessary for quantitative analysis.

4. DATA ANALYSIS

The analysis of a fringe record i~ the inverse of the process described above. Starting with the dataset

shown in Fig. 2, we can use the fringe po~ition at each time to determine the velocity of the target at

the corresponding location on the illuminated line. Combining the time sliceo yields a map of the velocity

distribution au a function of iime cmd poeition on the target. 13ecause the velocity can be found only at

the hinge locationa, the function must be interpolated to form a continuous distribution. Details of our

analysis follow.

The fust step in the analysis procerm consisted of digitizing the film record. For our Initial cxpcrimcnts,

the useful portion of the 4x5-inch film wan seamed on a flatbed rn.icrodensitomcter in 30 pm incicrnentsi.

Thig yielded a digitized image with 1333 x 667 pixels that was ecaled down to 666 x 333 for processing.

The fringeo were traced by hand, and the diotance !O the center of the pattern was calculated for cacll

fringe ponition. We assumed that there were no discontinuous fringe jumps, m the value of the dynall~ir

fringe number, n, changed by one for each fringe.
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Fig. 3, Graphical representation of fringe evolution, Bright fringes occur at intersections between a
velocity profle (for a given ti~) and parabolaa that represent solutiom to the velocity equation. The

dotted lines in the top figure represent velocity profllec for four different times (the velocity for t = O lies

along the horizontal axis). The lower half of the figure mhowt the fringe pattern that resultc from the

aam.rned velocity profiles. Fringe number O is the innermost static f~inge and n increases or decreases by
one for each neighboring fringe. Note that new fringes are ‘born” bet ween adjacent time steps.
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Fig. 4. The velocities calculated foreach fringe po.sition (fringe constmt z 1 km/s). The width of each

hinge has been incre~ed for easier viewing. In this graph, time is increasing toward the upper right,

position is increasing toward the upper left, and velocity is increasing vertically. The time interval shown

is 1 ps and the object width is approximately 3 mm.

In an attempt to reduce the errors that accompany human input (e.g., eye response, jerky hand motion),
we introduced some constraints on the traced fringes. For example, the operator was given the option of

allowing the program to find the rnuimurn fringe intensity within a predefi~-d zone surrounding the points

chosen by ●ye. This technique was originally implemented in om point k,. analysis to reduce errors that

occur because the fringe profiles are not symmetric when plotted as a function of radiug. That is, the

maximum intensity does not occur at the center of a fringe. In addition, the traced Lines were fit with

a cubic spline function to produce some smoothing (this was switched off at fringe dhcontinuities). We

are currently investigating one- and two-dmensional fitting techniques that would automate the tracing

procedure and provide subpixel accuracy. After measuring each fririge position, we used Eq. (9) to calculate

the velocity as a function of time along each fringe. The resulting velocity map is shown in Fig. 4. In this
presentation the fringes have been widened by a factor of five to make them more virnible.

It is desirable to interpolate the velocity distribution shown in Fig. 4 to form a continuous measue

of velocity as a function of time and position. Unfortunately, because there are few points per time

shce, the interpolated velocity map will not be unique. The result will depend upon factors such as the
choice of interpolating function, the size of the sample interval, and the noise in the measurements. We

have ●xperimented with some simple interpolation schemes that appear to preserve the shape of the data

distribution while providing some mmoothing for noiee suppression.

The first method consists of calculating a weighted average of all non-zero velocities in a square region

surrounding each pixel. We have tried varying both the size of the neighborhood and the form of the
weighting function. Examplee of the types of surface that result from a weighting function of the form



l/llP are shown in Fig. 5. The interpolated surface is reasonably smooth but is “pinched” in regions near
the fringes. This pinching is a consequence of the ●nhanced weight given to nearby pixels and tends to
increase as the value of p increases. That is, pixels on or near a fringe will be assignea the value of the
velocity at the closest fr@e (weight = 1). However, for pixels that lie bet ween fringes, the value assigned
to the pixel will be an average of velocities that are within the sample region. This leads to interpolated

surfaces th~c peak near fringes and droop in the intervals between fringes. In general, functions with p >
1 lead to surfaces that conform to the data along the fringes, but drop off quickly on either side of the
fringe, Weighting functions with p s 1 tend to be “stiffer,” but do not follow the data values as closely.

h alternate approach consists of tiling the measured velocity distribution with planar patches and
using linear interpolation between tile edges. To guarantee planar surfaces, we connect the data points
with straight Line segments to form triangles. A Delaurmy triangulat ion scheme is ut il.ized to generate
non-overlapping triangles [7,8]. We then use Simplex interpolar ion “9] to find the value of the velocity for
all points (pixels) inside ●ach triangle.

Figures 6 and 7 demonstrate the use of this technique. Figure 6 shows the distribution of points and
triangles that result for the traced dataset (reduced by a factor of 10 to make the triangles more visible).

Figure 7 shows the velocity surface resulting from the Simplex interpolation between triangle vertices. This
surface is more blocky than thou shown in Fig. 5, but foUows the data more closely. Simplex interpolation
also eliminates the pinched surfaces that OCCUIin the weighted average methods. We are investigating
other interpolation schemes such as bicubic spl.ines and thin plates, but do not expect the results to change
signitlcantly.

S. CONCLUSION

We have demonstrated that a standard point Fabry-Perot interferometer can be modified to measure
the velocity of an illuminated line on a target. The resuhir.S record is continuous in time but provides
a me~ure of velocity only at discrete spatial positions. Because the velocity is known only at the fringe

locations, and, in general, the hinges move with time, the points on the target where the velocity is known
are constantly changing. Therefore, it is necessary to interpolate the reduced data to obtain a smooth map

of the velocity / spatial position / time surface. Lttterpolation is also useful in regions where the fringes
cannot be traced with cofidence.

Our initial ●xperiments yielded rather sparse data sets because we limited the number of fringes to
simplify the analysis procedure. It wou!d be straightforward, however, to modify the focal lengths of the
lenses to adjust the magnification of the line target and the n robe: of fringes superimposed on the image.
Increasing the number of fringes provides a more detailed sampling of the velocity surface, but also results
in a loss cf precision in the measure of velocity at each fringe position.

A close exmnination of Fig. 2 shows evidence of anomolous fringe behavior at the edges of the object.
Fringes appear to cross one another, break into fragments, or disappear completely. Our initial analysis

assumes that the target acceleration is continuous in space and time, and that anomol.ies in the fringe record
are c msed by changes in the reflectivity of the target surface. Additionally, because the FP measures only
a single velocity component, we assume that the dominant acceleration is parallel to the interferometer
axis. These assumptions are prob~bly not true at the ●dges of the object. Because the light in these regions

is directed away horn the interferometer, a detailed sumlysis is difficult.

l;tiortu.nately, the processing techniques we have described consume large amounts of computer re-

sources. But it is our ●xperience that for many experiments the advantages of measuring velocity across a
line on a target far outweigh the difficulties of the analysis.
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The interpolated velocity distribution calculated using a weighted average oftheforml/RP with

O(upper) andp = O. (lower). The axes and scales aretha same as Fig. 4.
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Fig. 6. Delaunay triangulation of the traced fringes. The left graph shows the traced points after reduction

by a factor of 10. If the points are surrounded by a rectangular convex hull and connected, the right hand
pattern emerges.

Fig. 7. Simplex interpolation of the triangulated dataset. The axes and scaleo are the same as Figs. 4 and

5.
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